Friedreich's ataxia, an autosomal recessive neurodegenerative disorder characterized by progressive gait and limb ataxia, cardiomyopathy, and diabetes mellitus, is caused by decreased frataxin production or function. The structure of human frataxin, which we have determined at 1.8 Å resolution, reveals a novel protein fold. A five-stranded, antiparallel β sheet provides a flat platform which supports a pair of parallel α helices to form a compact αβ sandwich. A cluster of 12 acidic residues from the first helix and the first strand of the large sheet form a contiguous anionic surface on the protein. (4), which causes the DNA to be sticky (5) and leads to decreased transcription and diminished protein production (6). Fewer patients have a point mutation in one allele and an increase in GAA repeats in the other allele (7), confirming that Friedreich's ataxia is due to lossof-function.
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Eukaryotic frataxin homologues are expressed in the cytoplasm as larger precursors that are cleaved upon entry into mitochondria to yield mature proteins (16) (17) (18) (19) . In yeast, Yfh1p is cleaved by MPP, the mitochondrial processing protease, to yield the mature, 122 amino acid active protein. Mature Yfh1p migrates on SDS-PAGE as though it was a 21-kDa protein (17, 19) . Human frataxin is similarly processed to an apparent 18 kDa protein, although precise sites of cleavage have not been reported. Bacterial frataxins naturally lack the mitochondrial localization signal althogether. The cleaved, mitochondrial localization signals are not conserved. In contrast, there is high homology between the mature yeast protein, the corresponding regions of other eukaryotic frataxins, and the encoded proteins from bacteria ( Figure 1 ). We have determined the x-ray crystal structure of 'mature' human frataxin to predict potential functions and to provide a framework for testing hypotheses.
Methods
Sample Preparation. A fragment of the frataxin gene corresponding to residues 88-210 of human frataxin was subcloned into a pET28a vector (Novagen). A K135M mutation was created by site-directed mutagenesis using the polymerase chain reaction. Protein was expressed in E. coli (BL21DE3), and purified using cobalt affinity media (Talon, Clontech). The HIS tag was cleaved using bovine thrombin (4 U/mg, 20 ºC, 16 h) and the protein was further purified by anion-exchange chromatography (Mono-Q FPLC, Pharmacia). Crystals were obtained at room temperature by equilibrating 1 µl drops of 50 mg/ml protein in 5 mM Tris, pH 8.0, 0.3 M NaCl, 10 mM DTT) and 1 µl crystallization buffer (2.5 M ammonium sulfate, 2% sucrose, 100 mM sodium citrate, pH 6.0) using the hanging drop method. Under identical crystallization conditions, crystals grew in two space groups (P2 1 2 1 2 1 and C2) within seven days to ~0.5 x 0.5 x by guest on September 14, 2016 http://www.jbc.org/ Downloaded from 1.0 mm. For the preparation of derivatives, the crystals were first equilibrated in stabilization buffer: 50 mM Hepes pH 7.4, 3.8 M ammonium sulfate.
Data collection. Native and derivative data sets were acquired at room temperature on a MAR345 detector with a Rigaku H3R rotating copper anode running at 5 kW. All data sets were integrated and scaled with the DENZO/SCALEPACK (20) software package and merged using programs from the CCP4 suite (21) . (Table I) identified via Patterson or cross difference Fourier were refined using SHARP (22) and solvent flattened with SOLOMON (21) (the Fe +2 and Fe +3 derivatives were not used in solving the structure). The isomorphous replacement map was averaged with diffraction data from the unphased C2 crystal form using DMMULTI (21) . The model was built with both MIR and averaged maps using O (23). The model was validated with complete omit maps and annealed using CNS (24) 
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Results and Discussion
Overall Structure of Frataxin. Human frataxin (residues 88-210, lacking the amino-terminal mitochondrial import sequence) is a compact αβ sandwich (Figure 2 ). Elements of secondary structure are labeled in order of sequence (Figures 1,2) . Strands β1-β5 form a flat antiparallel β sheet which interacts with the two helices, α1 and α2. The axes of the two helices are nearly parallel to each other and both are parallel to the plane of the large β sheet. A second, smaller β sheet is formed by the C-terminus of β5 and strands β6 and β7. This smaller sheet projects from the N-terminus of α2 along its long axis. The connections between all elements of secondary structure are short and well-ordered, which contributes to the compact appearance of frataxin. terminus of helix α2, diverge in sequence and differ in length. The 17-residue tail of human frataxin adopts a random coil that is tethered to body of the domain. Hydrophobic side chains from L198, L200 and L203 of the tail point inward and contribute to the protein core. These residues are undoubtedly necessary for the stability of the mammalian proteins. Most other frataxins, including those from bacteria, have shorter tail sequences with at l east two homologous hydrophobic residues. These tail sequences may similarly 'cap' the hydrophobic core. However, the yeast homologue Yfh1p has evolved with only four, non-hydrophobic residues C-terminal to helix α2, suggesting that frataxin tails have no conserved function other than protein stabilization.
An Anionic Surface Patch. The clustering of negatively charged residues on one surface of human frataxin is striking ( Figure 3A ). Side chains from nine acidic residues project outward from helix α1: E92, E96, E100, E101, E104, E108, E111, D112 and D115. These are joined by three additional acidic side chains from residues in β1 at the edge of the large sheet (E121, D122
and D124). The twelve acidic side chains point in the same general direction to form a large, contiguous anionic patch on the protein surface ( Figure 4 ). The solvent accessible surface area of the patch is 915 Å 2 , compared to a total accessible surface area for the protein of 4732 Å conserved, because similar numbers of acidic residues are present in the first helix and first strand of all frataxins, all are predicted to have similar anionic surface patches and charge dipoles. Ferritins are iron storage proteins that similarly contain conserved clusters of acidic residues. Twenty-four protomers assemble to form 12 nm hollow spheres, with as many as 4500 iron atoms sequestered in an 8 nm central cavity. Each subunit forms a four-helix bundle.
Clusters of acidic residues are required for oxidation of Fe(II) to Fe(III) within channels leading to the core and for ferrihydrite nucleation at the inner surface of the central cavity. Substitutions of individual acidic residues markedly reduce oxidative or nucleation activities (25) .
Iron Binding. Because iron accumulates in the mitochondria of cells that lack frataxin activity, it has been postulated that frataxin is involved in iron homeostasis (10, 13) . Human frataxin by itself is a monomer, and no iron is present in the bacterially-expressed protein, as assessed by atomic absorption (data not shown). We soaked crystals in ferrous sulphate and ferric chloride under conditions similar to those for generating heavy metal derivatives (10 mM for 12 hours) to determine whether iron would bind to frataxin. In both cases x-ray diffraction data revealed binding of one iron atom per frataxin molecule, coordinated to His177. The iron displaces a fixed water molecule and forms a 2.08 Å bond to N ε of His177 ( Figure 5 ). His177 is in the short loop connecting strands β6 and β7. The His177 side chain is solvent exposed, at a site distant from the acidic patch, and lacks interactions with the rest of the molecule. His177 is at a crystal packing interface and the iron bound to it is loosely associated (>4 •) with backbone carbonyl oxygens (Ala114 and Asp115) and a carboxylate side chain (Asp115) of an adjacent molecule.
For these reasons, and most importantly, because His177 is not conserved, the mode of iron binding that we have observed is probably not related to frataxin function in mitochondria. It is Conserved Outer Surface of the β β Sheet. Twenty-six residues in our structure are identical in eukaryotes whose frataxin sequences are currently available, and other residues are highly conserved (Figure 1 ). Conserved residues arising from the internal faces of the large sheet and the two helices help form the hydrophobic core of frataxin. An even larger collection of conserved residues forms the external surface of the large β sheet ( Figure 3B ). Fifteen residues from strands β1-β5 that form this surface are conserved in eukaryotes, and six of these residues are conserved as well in eubacteria. The residues are mostly uncharged, making the flat, 1008 Å 2 surface nearly neutral. V131, V144, P150, W155, P159, and P163 add hydrophobicity -and potential binding hot spots (26) . Residues T133, T142, N146, Q148, N151, Q153, S161 within this surface, and D124 and R165 at its periphery, render it moderately hydrophilic overall.
We predict that this surface might mediate a specific and critical protein-protein interaction, although a specific partner is not known. It is hard to imagine why the surface might otherwise be so well conserved.
Mutations Associated with Friedreich's Ataxia. Friedreich's ataxia is caused by abnormalities in both alleles of the FRDA locus. Most patients have GAA triplet repeat expansion within intron 1, which leads to abnormally low levels of frataxin protein (5,6).
However, a small percentage of patients are compound heterozygotes having a combination of 10 increased GAA repeats in one allele and a point mutation in the other allele. Thus loss of protein or loss of function similarly cause the disease. Complete loss-of-function, as occurs with homozygous disruption of the locus in mice, is lethal (27) . Known mutations associated with
Friedreich's ataxia map to similar sites as the conserved residues ( Figure 3C ). Several are in the protein core, including I154F, L156P, W173G, L182H and H183R (7), consistent with a requirement for maintenance of a stable, compact structure. Another mutation, D122Y, is within the anionic patch. This mutation alters charge within this surface and overall protein polarity.
The remaining two published mutations, G130V and R165P, are located within the flat, conserved external surface of the large β sheet. The fact that mutations within these two conserved surfaces -the anionic patch and the external surface of the β sheet -are associated with disease firmly supports hypotheses that these surfaces are critical for frataxin function.
Patients with D122Y, G130V and R165P mutations have clinical courses that can be distinguished from other patients (7, 28) , indicating that patient phenotypes might be further discriminated on the basis of this structure. Figure 3A . The molecular surface was calculated and shaded according to the electrostatic potential (-10 kt/e, red to +10 kt/e, blue) using the program GRASP (30) . Individual residues within the acidic patch are labeled. 
